ABSTRACT The wheat group has evolved through allopolyploidization, namely, through hybridization among species from the plant genera Aegilops and Triticum followed by genome doubling. This speciation process has been associated with ecogeographical expansion and with domestication. In the past few decades, we have searched for explanations for this impressive success. Our studies attempted to probe the bases for the wide genetic variation characterizing these species, which accounts for their great adaptability and colonizing ability. Central to our work was the investigation of how allopolyploidization alters genome structure and expression. We found in wheat that allopolyploidy accelerated genome evolution in two ways: (1) it triggered rapid genome alterations through the instantaneous generation of a variety of cardinal genetic and epigenetic changes (which we termed "revolutionary" changes), and (2) it facilitated sporadic genomic changes throughout the species' evolution (i.e., evolutionary changes), which are not attainable at the diploid level. Our major findings in natural and synthetic allopolyploid wheat indicate that these alterations have led to the cytological and genetic diploidization of the allopolyploids. These genetic and epigenetic changes reflect the dynamic structural and functional plasticity of the allopolyploid wheat genome. The significance of this plasticity for the successful establishment of wheat allopolyploids, in nature and under domestication, is discussed.
H
YBRIDIZATION and polyploidization are ubiquitous modes of evolution in plants and in other eukaryotes (reviewed by Van de Peer et al. 2009 ). The wheat group (genera Aegilops and Triticum) emphasizes the impact of hybridization and polyploidization on species evolution in nature and under domestication. For example, bread wheat has a complex genome consisting of three related genomes that derived from three different diploid species; it is called an allohexaploid (allo, from Greek, meaning "different"). Pasta wheat is an allotetraploid. Overall (Table 1) , the wheat group contains 13 diploid species and 18 allopolyploid species (Kihara 1924 (Kihara , 1954 Sax 1927; Sears 1948 Sears , 1969 Kihara et al. 1959; Morris and Sears1967; Van Slageren 1994; and reference therein) . Attempts to determine the timing of wheat speciation, using DNA data, suggest that the diploid progenitors of allopolyploid wheat have diverged from a common progenitor some 2.5-4.5 MYA (Huang et al. 2002) . Because of this fairly recent divergence, most of the diploid wheat species have relatively limited morphological and molecular variation, occupy only a few well-defined ecological habitats, and are distributed throughout relatively small geographical areas (Eig 1929; Zohary and Feldman 1962; Kimber and Feldman 1987; Van Slageren 1994) . In historical terms, allotetraploid wheat developed about 300,000 to 500,000 years ago (Huang et al. 2002) , while allohexaploid wheat was formed only about 10,000 years ago (Feldman et al. 1995; Feldman 2001) . According to Stebbins (1950) , newly formed allopolyploids are often characterized by limited genetic variation, a phenomenon he referred to as the "polyploidy diversity bottleneck." This bottleneck arises because only a few diploid genotypes were involved in the allopolyploid speciation events, because the newly formed allopolyploid is immediately isolated reproductively from its two parental species, and because time was not sufficient for the accumulation of mutations.
Despite the diversity bottleneck in newly formed allopolyploids and despite the fact that all Aegilops and Triticum allopolyploids formed much later than their ancestral diploids, they differ radically from their diploid progenitors. The allopolyploids show wider morphological variation, occupy a greater diversity of ecological habitats, and are distributed over larger geographical area than their diploid progenitors (Eig 1929; Zohary and Feldman 1962; Kimber and Feldman 1987; Van Slageren 1994) . They are also dynamic colonizers compared to their diploid progenitors (Zohary and Feldman 1962) . Therefore, students of wheat evolution have been fascinated by this paradox and have dedicated themselves to unraveling the processes and mechanisms that contributed to the build up of genetic and morphological diversity of allopolyploids and to their great evolutionary success in term of proliferation and adaptation to new habitats, including under domestication. During the past several decades, methods and materials have been developed that facilitate studies of genomic alterations triggered by allopolyploidization. Studies of natural and synthetic wheat and related allopolyploids, as well as genome sequencing data, indicate that a broad range of DNA rearrangements occur during, immediately, or within a few generations following allopolyploidization. These rapid changes contribute to increased diversity at the intra-specific level.
What triggers these changes is a fascinating and still unanswered question, but it is clear that these developments are rapid and extensive, including the loss of coding and noncoding DNA sequences, transposon activations, and gene silencing or duplication and pseudogenization (Levy and Feldman 2004; Levy 2005, 2009 ; and references therein). We therefore have distinguished between revolutionary changes-which occur rapidly, within a few generations-and evolutionary changes, which take place gradually in the polyploid lineage, on an evolutionary time scale of hundreds or thousands of generations Levy 2005, 2009) . Note that these evolutionary changes may also be relatively faster than run-of-the-mill evolution due to the buffering of mutations in the polyploid genome (Mac Key 1954 Sears 1972; Thompson et al. 2006) , which speeds neo-or subfunctionalization of genes and brings on diploidization and divergence from the diploid progenitor genomes. In this manuscript, we focus on the contribution of wheat and related species to our understanding of evolutionary processes that shape allopolyploid genomes.
Early Studies on Interspecific Hybridization
A newly formed allopolyploid wheat species results from an interspecific or intergeneric hybridization, followed by spontaneous somatic or, more likely, meiotic chromosome doubling in the sterile F1 or, alternatively, derived from crosses between parental species with unreduced gametes (Ramsey and Schemske 1998) . Indeed, early studies of synthetic intergeneric hybrids of wheat showed that the frequency of unreduced gametes in the F1 hybrids could be as high as 50% (Kihara and Lilienfeld 1949) and identified the occurrence of spontaneous chromosome doubling, thus demonstrating the possibility of species formation via allopolyploidy in the wheat group (Von Tschermak and Bleier 1926) . Thus, a newly formed allopolyploid is a hybrid that contains two or more different genomes enveloped within a single nucleus. Consequently, the evolutionary process of allopolyploidization exerts considerable stress on the young species whose genomes are not always compatible, as seen with the hybrid necrosis syndrome (Caldwell and Compton 1943; Hermsen 1963; Tsunewaki 1970 ). This stress was referred to by Barbara McClintock as a genomic shock that could activate transposons and further reduces the fitness of the hybrid (McClintock 1984) . This raised the question, discussed below, on the extent and modes of hybridization that actually occur in nature. Zohary and Feldman (1962) studied the extent and pattern of hybridization and allopolyploidization that occur in nature in Aegilops and Triticum species. Evidence that many wheat allopolyploids were genetically interconnected through hybridizations between various allopolyploid species and therefore did not evolve independently was presented. These wheats were divided into three groups, each containing several allopolyploids that share a single, common genome but differ in their other genome(s) (Zohary and Feldman 1962) . The allopolyploids within each group grow in mixed populations in many sites, where they can easily hybridize (Feldman 1965a) . In laboratory hybridization studies of allopolyploids, Kimber and Tsunewaki (1988) ; underlined designation indicates a modified genome.
it was found that the common genome acts as a buffer ensuring some seed fertility following pollination by either one of the parents, while the chromosomes of the dissimilar genomes, brought together from different parents, may pair to some extent and exchange genetic material (Feldman 1965b, c) . Consequently, the dissimilar genomes of these allopolyploids are recombined, or modified genomes (Zohary and Feldman 1962) , which contain chromosomal segments that originated from two or more diploid genomes. These species overlap in their genetic variation ranges and are interconnected by a series of morphological intermediate forms.
Thus, despite the genetic barriers and the genomic shock involved, interspecific hybridization, which is rare at the diploid level, has played a decisive role in the establishment of a wide range of genetic variation in the allopolyploid species (Zohary and Feldman 1962) . This has probably significantly contributed to their evolutionary success. In addition, the newly formed allopolyploids-especially annual, predominantly self-pollinated species, like those of the wheat group-must overcome several immediate challenges to survive at the cytological, genetic, and epigenetic levels Feldman 2002, 2004; Feldman and Levy 2005 . We argue, in the following sections, that overcoming these challenges, and increasing the nascent allopolyploid fitness, is achieved through genomic plasticity, namely through the immediate triggering of a variety of cardinal genetic and epigenetic changes that affect genome structure and gene expression.
Cytological Diploidization
Bread wheat is an allohexaploid species (2n = 6x = 42, genomes BBAADD) that originated from hybridization events involving three different diploid progenitors classified in the genera Triticum and Aegilops: (i) T. urartu, the donor of the A genome (Dvorak 1976; Chapman et al. 1976) , (ii) a yet-undiscovered extant or extinct Aegilops species closely related to Ae. speltoides, the donor of the B genome, and (iii) Ae. tauschii, the donor of D genome Sears 1944, 1946; Kihara 1944) . On the basis of genetic similarities, the 21 pairs of homologous chromosomes of bread wheat (seven pairs in each genome) fall into seven homeologous groups, each containing one pair of chromosomes from the A, B, and D genomes, respectively (Sears 1954 ; Figure 1 ). Hence, homeologous group 1, for example, contains the pair 1A, 1B, and 1D. In each group, homeologous chromosomes, which are derived from a relatively recent, common ancestral chromosome, i.e., only 2.5-4.5 MYA (Huang et al. 2002) , still share a high degree of gene synteny and DNA sequence homology. However, they differ from one another by a number of noncoding and highly repetitious DNA sequences (Flavell 1982) , and many functional gene complexes (Wicker et al. 2011 and references therein) . In spite of this genetic relatedness, the homeologues do not pair with each other at meiosis, a phenomenon that still requires clarification.
In allopolyploid wheat, the restriction of pairing to homologous chromosomes, i.e., cytological diploidization, has developed through two independent but complementary systems. The first system to be studied is based on the genetic control of pairing. The second depends on the physical divergence of the homeologous chromosomes.
In 1958, a gene was discovered on the long arm of chromosome 5B of bread wheat that restricts meiotic pairing to completely homologous chromosomes (Riley and Chapman 1958; Sears and Okamoto 1958 ). Gene(s) with similar effect have not been found in the homeologous chromosomes 5A and 5D of common wheat (Sears 1976) . Discovery of this gene has had a great impact on wheat cytogenetics: it became a subject of intensive cytogenetic studies that attempted to understand its mode of action, evolution, and breeding significance. The gene, called Ph1 (pairing homeologues; Wall et al. 1971) , was further positioned some 1.0 cM from the centromere of the long arm of chromosome 5B (5BL) (Okamoto 1957; Sears 1984) . It is a dominant gene that suppresses pairing of the homeologues (intergenomic pairing) while allowing that of homologs (intragenomic pairing) (Riley 1960; Sears 1976 ; and reference therein). Consequently, only bivalents are formed during allopolyploid wheat meiosis.
The mechanism controlling the Ph1 mode of action is still unclear. Six extra doses of the Ph1-containing arm of chromosome 5B caused partial asynapsis of homologs at meiosis, concomitantly allowing some pairing of homeologous chromosomes and inducing a high frequency of interlocking bivalents (Feldman 1966) . Similar effects were observed by premeiotic treatment with colchicine (Driscoll et al. 1967; Feldman and Avivi 1988) . It was therefore assumed that the hexaploid nucleus still maintains some organizational aspects of the individual ancestral genomes; i.e., each genome occupies a separate region in the nucleus, which in turn, is recognized by Ph1 (Feldman 1993 and references therein) .
A model was thus proposed whereby Ph1 exerts its effect at premeiotic stages, before the commencement of synapsis, and affects the premeiotic alignment of homologous and homeologous chromosomes. It therefore controls the regularity and pattern of pairing (Feldman 1993 and references therein) . In euploid bread wheat, two doses of Ph1, while scarcely affecting homologous chromosomes, keep the homeologues apart, thereby leading to exclusive homologous pairing in meiosis. In the absence of Ph1, the three genomes are mingled together in the nucleus and consequently, the homeologues can also pair with each other. Six doses of Ph1 or premeiotic treatment with colchicine induces separation of chromosomal sets and the random distribution of chromosomes in the premeiotic nucleus, leading to an increased distance between homologs. This results in partial asynapsis of homologs that are relatively distant and some pairing of homeologues that happen to lie close to one another. Thus, an interlocking of bivalents can occur with their chromosomal constituents coming to pair from a relative distance and catching other chromosomes between them (Feldman 1993 and references therein).
Studying the effects of Ph1 on centromere behavior in meiotic cells, Vega and Feldman (1998) concluded that the Ph1 gene affects the interaction between the centromeres and microtubules, possibly through a microtubuleassociated protein (MAP) whose activity is located near the centromere. G. Moore and co-workers have localized Ph1 to a 2.5-Mb interstitial region of wheat chromosome 5B (Griffiths et al. 2006; Yousafzai et al. 2010) . This region contains a structure consisting of a segment of subtelomeric heterochromatin that inserted into a cluster of cdc2-related genes after polyploidization (Griffiths et al. 2006) . The correlation of the presence of this structure with Ph1 activity in related species, and the involvement of heterochromatin with Ph1 and cdc2 genes with meiosis, makes the structure a good candidate for the Ph1 locus. These mapping data suggest that the mode of action of this complex locus is determined by the effect of cyclin-dependent kinases on cell-cycle progression (Griffiths et al. 2006; Al-Kaff et al. 2008; Yousafzai et al. 2010) . However, direct evidence as to the identity of the coding gene and its mode of action is still missing. Recently, K. Gill and associates (personal communication) identified a candidate gene in the Ph1 region that is different from the one that was proposed by the lab of G. Moore. Silencing of the newly identified gene disrupts the alignment of chromosomes on the metaphase plate in early stages of meiosis, suggesting a role of microtubules in its function (K. Gill, personal communication).
It was suggested by several authors that Ph-like genes exist in diploid wheat species (Okamoto and Inomata 1974; Avivi 1976; Waines 1976; Maan 1977 ) and that they became more effective at the polyploid level as a result of duplication. This dosage-dependent effect might have been selected to yield an allopolyploid with improved fertility.
The suppressive effect of Ph1 on homeologous pairing in interspecific and intergeneric wheat hybrids is absolute. However, its effect on homeologous pairing in bread wheat itself might not be indispensible as plants deficient for this gene exhibit relatively little homeologous pairing. This is evidenced from the small number of multivalents (less than one per cell), resulting from intergenomic pairing in these plants (Sears 1976) . Interestingly, and in accord with the above, Ph-like gene(s) have not been found in any of the allopolyploid species of the closely related Aegilops genus (Sears 1976) . Nevertheless, these species also exhibit exclusive bivalent pairing of fully homologous chromosomes. Hence, additional mechanisms that ensure homologous pairing must be called for and are discussed below.
Novel molecular tools for investigating wheat genomics has advanced our understanding of the exclusive intragenomic pairing in bread wheat. Using micromanipulation, Vega et al. (1994 Vega et al. ( , 1997 isolated more than 30 isochromosomes of the long arm of chromosome 5B from first meiotic metaphase spreads of a monoisosomic 5BL line of bread wheat. The dissected isochromosomes were amplified by degenerate oligonucleotide-primed PCR and a large number of DNA sequences were produced from this arm (Vega et al. 1994 . These sequences were classified by us into the following four classes (Figure 1 ): (i) nonspecific sequences (mainly repetitious sequences) that are found in all or many of the wheat chromosomes; (ii) groupspecific sequences (mainly coding sequences) that occur in the chromosomes of one homeologous group, e.g., 1A, 1B, and 1D; (iii) genome-specific sequences that occur in several chromosomes of one genome, e.g., 1A, 2A, 3A, etc.; and (iv) chromosome-specific sequences (CSSs) that occur in only one homologous chromosome pair, e.g., 1A and 1A. Most of the CSSs are noncoding sequences and are present in all the diploid species of Aegilops and Triticum, but occur in only one pair of chromosomes of allopolyploid wheat, suggesting that they were lost during or after allopolyploidization A most surprising discovery is that allopolyploidization in the wheat group causes immediate nonrandom elimination of specific noncoding, low-copy, and high-copy DNA sequences Liu et al. 1998a,b; Ozkan et al. 2001; Shaked et al. 2001; Han et al. 2003 Han et al. , 2005 Salina et al. 2004) . The extent of DNA elimination was estimated by determining the amounts of nuclear DNA in natural allopolyploids and in their diploid progenitors, as well as in newly synthesized allopolyploids and their parental plants (Ozkan et al. 2003; Eilam et al. 2008 Eilam et al. , 2010 . Natural wheat and related allopolyploids contain 2-10% less DNA than the sum of their diploid parents, and synthetic allopolyploids Figure 1 Schematic of the wheat karyotype. The wheat karyotype is arranged into genomes A, B, and D and into seven homeologous groups (e.g., group 1 consists of chromosomes 1A, 1B, and 1D). This arrangement is after Sears (1954) , who classified homeologous chromosomes based on their ability to compensate for each other's absence. Examples of the different types of sequences are drawn on top of the chromosomes, namely: group-specific sequences that are present in only one homeologous group, chromosome-specific sequences (CSSs) that are present in only one chromosome pair, genome-specific sequences (GSSs) that can be on more than one chromosome pair but only in one of the genomes, and nonspecific sequences that are present on both homeologous and nonhomeologous chromosomes. The nonspecific sequences are mainly dispersed repeats (adapted from Levy and Feldman 2004) .
exhibit a similar loss, indicating that DNA elimination occurs soon after allopolyploidization (Nishikawa and Furuta 1969; Furuta et al. 1974; Eilam et al. 2008 Eilam et al. , 2010 . Also, the narrow intraspecific variation in DNA content of the allopolyploids supports that the loss of DNA occurred immediately after the allopolyploid formation and that there was almost no subsequent change in DNA content during the allopolyploid species evolution (Eilam et al. 2008) . In triticale (a synthetic allopolyploid between wheat and rye, Secale cereale), Boyko et al. (1984 Boyko et al. ( , 1988 and Ma and Gustafson (2005) found that there was a major reduction in DNA content in the course of triticale formation, amounting to 9% for the octoploid and 28-30% for the hexaploid triticale. In this synthetic allopolyploid, the various genomes were not affected equally: the wheat genomic sequences were relatively conserved, whereas the rye genomic sequences underwent a high level of variation and elimination (Ma et al. 2004; Gustafson 2005, 2006) . Similarly, in hexaploid wheat, genome D underwent a considerable reduction in DNA, while the A and B genomes were not reduced in size (Eilam et al. 2008 (Eilam et al. , 2010 . Bento et al. (2011) reanalyzed data concerning genomic analysis of octoploid and hexaploid triticale and different synthetic wheat hybrids, in comparison with other polyploid species. This analysis revealed high levels of genomic restructuring events in triticale and wheat hybrids, namely major parental band disappearance and the appearance of novel bands. Furthermore, the data showed that restructuring depends on parental genomes, ploidy level, and sequence type (repetitive, low copy, and/or coding); is markedly different after wide hybridization or genome doubling; and affects preferentially the larger parental genome (Bento et al. 2011) .
Screening the parental wheat diploid species for a number of CSSs, each located on different chromosome arms in common wheat, it was found that many of them occur in all the diploids . However, in the allopolyploids these sequences occur in only one chromosome pair and are absent from the homeologous chromosomes . By analyzing newly formed Triticum and Aegilops allopolyploids with genomic combinations similar to those of the natural allopolyploids, it was shown that the CSSs were eliminated from one genome immediately or a few generations after the formation of the allopolyploid Ozkan et al. 2001) . Thus, chromosome-specific sequences are found in each homologous pair, but different homeologous pairs have their own unique signatures.
Since CSSs are the only sequences that determine chromosomal homology, it is assumed that they are implicated in recognition and initiation of homologous pairing at meiosis. Therefore, if upon allopolyploid formation these sequences are eliminated from one pair of homeologous chromosomes in tetraploids or from two pairs in hexaploids, a cytological diploidization process that strongly augments the physical divergence of the homeologous chromosomes takes place. It is then extremely difficult or even impossible for them to pair at meiosis. Thus, cytological diploidization leads to exclusive intragenomic pairing, i.e., diploid-like meiotic behavior.
DNA elimination seems not to be random at the intrachromosomal level as well . For example, these authors found that the CSSs on chromosome arm 5BL in allohexaploid wheat are not distributed randomly but cluster in terminal (subtelomeric), subterminal, and interstitial regions of this arm. Such structures make these regions extremely chromosome specific-or homologous. Hence, it was tempting to suggest that these chromosome-specific regions are equivalents to the classical "pairing-initiation sites" that play a critical role in homology search and initiation of pairing at meiosis ). Computer modeling also shows that homeolog divergence in association with pairing stringency drives disomic inheritance (Le Comber et al. 2010) ,
To sum up, cytological diploidization in allopolyploid wheat was engendered by two independent, complementary systems. One is based on the physical divergence of chromosomes and the second, on the genetic control of pairing. The Ph-gene system superimposes itself on and takes advantage of-and thereby reinforces-the above-described system of the physical differentiation of homeologous chromosomes. In addition, stringent selection for fertility might well favor the development of two systems to effect the suppression of multivalent formation and the promotion of bivalent pairing in nature and, more so, in domesticated material.
The process of cytological diploidization in wheat group allopolyploids has been critical for their establishment in nature. The restriction of pairing to completely homologous chromosomes ensures regular segregation of genetic material, high fertility, genetic stability, and disomic inheritance that prevents the independent segregation of chromosomes of the different genomes. Homologous pairing also allows for the maintenance of favorable intergenomic genetic interactions. On the other hand, disomic inheritance sustains the asymmetry in the control of many traits by the different genomes . In addition, since cytological diploidization facilitates genetic diploidization, existing genes in double and triple doses can be diverted to new functions through mutations, thereby favoring the creation of favorable, new intergenomic combinations.
Structural Changes That Occur in the Polyploid Lineage through Time
Several structural changes are known to have sporadically occurred during the history of allopolyploid wheat genomes. These generate an additional source of variation that, some of which, could not have taken place in the diploid parental genomes and occur almost exclusively in an allopolyploid background. Such intergenomic changes include the horizontal transfer of chromosomal segments, repetitive sequences, transposons, or genes via intergenomic translocations resulting from interchange between nonhomologous or homeologous chromosomes. Intergenomic translocations that characterize specific populations or biotypes are widespread in allohexaploid wheat (Maestra and Naranjo 1999 and references therein). Invasion of the A genome by sequences from Bmost probably transposons-was detected in wild allotetraploid wheat using genomic in situ hybridization (GISH) (Belyayev et al. 2000) . The possibility of intergenomic transfer adds to allopolyploid genomic plasticity and enables the creation of new genetic combinations beyond those possible through the intragenomic mechanisms of the individual genomes.
Moreover, in contrast to the diploids, which are genetically isolated from each other and have undergone divergent evolution, wheat group allopolyploids exhibit convergent evolution because they contain genetic material from two or more unique diploid genomes that can be exchanged via hybridization and introgression, resulting in new genomic combinations. Examples for introgression between allotetraploid Aegilops species were provided by Zohary and Feldman (1962) and Feldman (1965a,b,c) . Additional evidence for the existence of introgressed genomes in allopolyploid Aegilops was obtained by C-banding analysis (Badaeva et al. 2004 ). Introgression of a DNA sequence from allopolyploid wheat to lines of the allotetraploid Aegilops species, Ae. peregrine, was also described (Weissmann et al. 2005) .
In addition to evolutionary changes that are almost unique among allopolyploids, other types of mutations (e.g., point mutations, microsatellite instability, transposition, etc.) may contribute, perhaps in an accelerated manner, to evolutionarily relevant structural or functional changes in allopolyploids. For example, presence of duplicate or triplicate genetic material in wheat allopolyploids might have relaxed constraints on gene structure and function. Thus, the accumulation of genetic variation through mutation or hybridization might be more readily tolerated in an allopolyploid than in a diploid species. While there is no direct evidence for this assumption, there is indirect support from experimental data showing a higher resistance of allohexaploid wheat to irradiation compared to their diploid progenitors (Mac Key 1954 Sears 1972) . Such an increase in mutation resistance with increased ploidy was shown in yeast to be correlated with higher evolutionary ability and fitness (Thompson et al. 2006) .
Genetic or Functional Diploidization
In some cases, an extra genetic dose can be beneficial, while in others it may be deleterious. Most duplicated genes that code for enzymes are active in allopolyploid wheats (Hart 1987) . The extra gene itself might provide a favorable effect or it could lead to the buildup of positive intergenomic interactions if genes or regulation factors on homeologous chromosomes are divergent. In some duplicated genes, however, increased dosage has led to redundancy or to a deleterious effect. In these cases, functional diploidization processes bring the redundant or unbalanced gene systems into a diploid-like mode of expression. Functional or genetic diploidization can be achieved through elimination, inactivation, or diversion of the redundant, duplicated genes to new functions.
In studies on the genetic control of high-molecular-weight (HMW) glutenin subunits, an important component of wheat storage proteins, allopolyploidy was found to affect gene function through a variety of genetic and epigenetic mechanisms (Galili and Feldman 1984; Forde et al. 1985; Galili et al. 1986; Waines and Payne 1987) . The levels of HMW glutenin subunits in the endosperm was determined in a series of wheats containing different doses of chromosomes 1A, 1B, or 1D, which carry the genes controlling the production of these proteins. It was found that HMW glutenin subunit production was nonlinear in response to gene dosage, indicating the operation of a mechanism of dosage compensation . Such dosage compensation is commonly observed as a way to instantaneously reduce the negative effect of overproduction and inefficiency of genes that exist in super optimal doses (Birchler et al. 2001) .
Another aspect regulating gene action in newly formed allopolyploids is intergenomic suppression (Galili and Feldman 1984; Galili et al. 1986) . By crossing hexaploid with tetraploid wheat, backcrossing the pentaploid offspring of each generation back to the hexaploid parent, and finally selfing the pentaploid to obtain tetraplid plants, Kerber (1964) extracted the A and B genomes of allohexaploid wheat (genome BBAADD) to produced an extracted allotetraploid wheat line lacking the D genome. This line facilitated the study of intergenomic relationships between the D genome genes and those of A and B. When compared with the mother allohexaploid, polyacrylamide gels of storage proteins of the extracted tetraploid line exhibited several bands with increased staining intensity as well as new bands (Galili and Feldman 1984) . These novel bands are assumed to have resulted from a novel activity of genes located on the A or B genomes, which are no longer repressed by the removed D genome. Readdition of the D genome to the extracted allotetraploid instantaneously resuppressed these genes. Galili and Feldman (1984) suggested that these endosperm-protein genes were repressed immediately following the formation of allohexaploid wheat, about 10,000 years ago, but they still have retained their potential for being activated.
Likewise, using microarray analysis, a group of genes located on chromosomes of genomes A and B were found to be strictly regulated by the D genome. They are not expressed in allohexaploid wheat; they are expressed in an extracted allotetraploid (genome BBAA) and they are silenced again upon re-adding the D genome (B. Liu, personal communication). Similarly, Kerber and Green (1980) described an intergenomic suppression of a rust-resistance gene in genome D by gene(s) in genome A or B. Intergenomic suppression of disease-resistance genes is a common phenomenon in wheat and related allopolyploids, as was noted in several natural and newly formed allopolyploids (Y. Anikster, J. Manisterski, and M. Feldman, unpublished data). Comparable results were obtained by Dhaliwal and co-workers (Aghaee-Sarbarzeh et al. 2001) in Triticum durum-Aegilops amphiploids. They found that dominant leaf-rust-and striperust-resistance genes from the Aegilops parents were suppressed by genes in the AB genomes of the wheat parent. Another well-studied example of intergenomic suppression is the silencing in triticale of the ribosomal RNA genes of rye in the presence of the wheat genome (Appels et al. 1986 and references therein). Cytosine methylation is involved in this silencing as suggested by reactivation of the rye ribosomal RNA genes by the demethylation agent 5-azacytidine or methylation sensitive/insensitive isoschizomers (Houchins et al. 1997) . Intergenomic suppression is a common control mechanism for instantaneously reducing the negative effect of overproduction and the inefficiency of genes that exist in super-optimal doses.
In bread wheat, HMW glutenin genes are located on chromosomes of homeologous group 1, i.e., 1A, 1B, and 1D. These chromosomes carry two genes: Glu1-1, coding for the slow-migrating subunit, and Glu1-2, coding for the fast migrating subunit (Payne et al. 1981) . Galili and Feldman (1983b) analyzed 109 different lines of allohexaploid wheat representing a wide spectrum of genetic backgrounds and found that 22 lines (20.2%) had no HMW glutenin subunits controlled by chromosome 1A, 44 lines (40.4%) had only one subunit controlled by 1A, and 43 lines (39.4%) had two such subunits. Moreover, in all lines having one subunit controlled by 1A, this subunit was always the slow-migrating variety; i.e., only Glu-1A-1 was active. Hence, in 60% of the hexaploid lines studied, Glu-A1-2 was inactive despite the fact that this gene is regularly active in diploid wheat (Waines and Payne 1987) .
The HMW glutenin subunits in 456 accessions of the wild allotetraploid wheat T. turgidum subsp. dicoccoides, originating from 21 different populations in Israel, were studied . In 82% of the accessions, the fast-migrating subunit of genome A was absent, and in 17% of the accessions the slow-migrating subunit of this genome was also absent. In all 11 studied lines of the primitive domesticated allotetraploid wheat, T. turgidum subsp. dicoccum, the fast-migrating subunit of genome A, was absent, i.e., Glu-A1-2 was inactive, and in all 19 lines of modern allotetraploid wheat, subsp. durum, Glu-A1-1 was also inactive, while only Glu-B1-1 and Glu-B1-2 were active ). Moreover, the HMW glutenin loci of genome B were much more polymorphic than those of genome A (Felsenburg et al. 1991) . The reduced polymorphism of the A genome loci apparently reflects the nonrandom inactivation of the HMW glutenin genes, as well.
Thus, in both allotetraploid and allohexaploid wheat, inactivation of HMW glutenin genes was massive and nonrandom and occurred in the glutenin genes of genome A (Galili and Feldman 1983a,b; Feldman et al. 1986; and reference therein) . In hexaploid wheat, this tendency has been found for HMW gliadin genes, as well (Galili and Feldman 1983a,b) . The nonrandom nature of the process is shown by the fact that not only were the HMW glutenin genes of the A genome specifically affected but their order of inactivation was also nonrandom, starting with the rapidly migrating subunits and continuing with the slowly migrating ones. The fast-migrating glutenin gene of genome A was not inactivated by elimination, but from the positioning of a terminating sequence inside the transcribed portion of the gene (Forde et al. 1985) .
The development of molecular genetic techniques for the study of plants in general and wheat in particular has provided tools for further investigating genome changes due to allopolyploidization that are involved in the development of functional diploidization. Examining newly formed allopolyploid wheat by cDNA-AFLP, Shaked et al. (2001) found that genes were either eliminated or silenced via cytosine methylation of DNA sequences. They found that alterations in cytosine methylation (demethylation or new methylation) affected about 13% of a random set of genomic loci. Several cDNAs were expressed in the allopolyploids but not in the diploid progenitors (Shaked et al. 2001; Kashkush et al. 2002) . Kashkush et al. (2002) studied the response of the transcriptome to allopolyploidization in the first generation of newly formed allopolyploid wheat and in its two diploid progenitors. They found that transcript disappearance was the result of gene loss or silencing, the latter being associated with cytosine methylation. The silenced/lost genes included rRNA genes as well as genes involved in metabolism, disease resistance, and cell-cycle regulation. The activated genes with known functions were all retroelements. Similarly, He et al. (2003) found that the expression of a significant fraction of the genome (7.7%) is altered in a synthetic hexaploid wheat.
Following allopolyploidization events in wheat, the steady-state level of expression of long terminal repeats (LTR) in retrotransposons was massively elevated (Kashkush et al. 2002 (Kashkush et al. , 2003 . In addition, the transcriptional activity of the Wis2-1A LTR element was shown to be associated with the production of read-out transcripts flanking toward host DNA sequences, a process that occurred in a genome-wide manner (Kashkush et al. 2003) . In many cases, these readout transcripts were associated with the expression of adjacent genes, depending on their orientation. They knocked down or knocked out the gene product if the read-out transcript was in the antisense orientation relative to the orientation of the gene transcript (such as the iojap-like gene), or they overexpressed the gene if the read-out transcript was in the sense orientation (such as the puroindoline-b gene) (Kashkush et al. 2003) . The mechanisms by which transcriptional activation of TEs influences the expression of neighboring genes are poorly understood. Recent studies (Kraitshtein et al. 2010; Yaakov and Kashkush 2011) on tracking methylation changes around transposons in the first generations of a newly formed wheat allopolyploid showed massive changes in methylation and that read-out activity was restricted to the first generations of the nascent polyploid species.
Transcriptional activation of transposons in allopolyploids is part of the "genomic shock" syndrome that results from interspecific hybridization and polyploidization as proposed by McClintock (1984) . The mechanism that leads to this activation is not well understood.
Recently, Kenan-Eichler et al. (2011) found that small RNAs (siRNAs) that are thought to repress transposons under normal conditions can be disregulated in allopolyploid. The repression of these repressors is correlated with hypomethylation of the transposons, which in turn may enable their transcriptional activation (Kenan-Eichler et al. 2011 ). An additional pathway of small RNAs-mediated epigenetic control of genome stability and expression might be achieved through the activity of microRNAs. Changes in microRNAs expression in newly synthesized wheat were observed, such as that of miR168, which targets the Argonaute1 gene (KenanEichler et al. 2011) . Changes in microRNAs expression were also found in Arabidopsis allopolyploids that presumably have led to changes in gene expression, growth vigor, and adaptation (Ha et al. 2009 ).
Inactivation of homeoalleles may be a nonrandom effect. The data of Koebner and co-workers (Bottley et al. 2006) suggested that for leaf transcripts, there is a modest bias toward silencing of the D genome copies, but this pattern does not extend to root transcripts. Interestingly, He et al. (2003) found that Ae. tauschii genes (genome DD) were affected much more frequently than T. turgidum genes (genome BBAA) in a BBAADD synthetic allopolyploid, and D genome homoeoalleles were silenced twice as frequently as those from the A or B genomes in a newly synthesized hexaploid wheat line. Silencing of the same genes was also found in the bread wheat cultivar Chinese Spring (He et al. 2003) .
Thus, allopolyploidization triggers gene silencing, gene elimination, or gene activation and transposon activation via genetic and epigenetic alterations immediately upon allopolyploid formation.
Concluding Remarks
Formation of an allopolyploid species is accomplished in a small number of steps. However, its establishment and survival in nature probably depend on its ability to self, the number of allopolyploid individuals that are formed, and perhaps also exchange genes with its progenitors, as well as on a high level of genomic plasticity that enables it to overcome potential incompatibilities in its genome and to gain new traits. The studies reported here suggest that allopolyploid wheat can achieve genomic plasticity through the induction of a series of cardinal nonadditive genomic changes. Some of them, genetic and epigenetic, are rapid and non-Mendelian, occurring during or immediately after the formation of the allopolyploid (revolutionary changes; Table 2 ). Other changes occur sporadically over a long period of time during the evolution of the allopolyploid (evolutionary changes; Table  2 ). From a population point of view, the chances of several individuals of a nascent allopolyploid being established as a new species is almost null, unless they exhibit increased fitness compared to their parents or new traits that can enable them to colonize new niches. This must occur within a few generations, otherwise the new species will rapidly become extinct.
The revolutionary changes described here may contribute to the establishment of new allopolyploid species. Instantaneous elimination of sequences from one genome in the new plant increases the divergence of the homeologous chromosomes, leading to exclusive intragenomic pairing and improving fertility. Mechanisms enabling the loss of deleterious genes (e.g., the removal of genetic incompatibilities), positive gene dosage effects, and new intergenomic heterotic interactions may all rapidly increase fitness of the nascent species.
Evolutionary changes, however, contribute to the buildup of genetic variability and thereby increase adaptability, fitness, competitiveness, and colonizing ability. In nature, most hybridization events do not lead to the formation of a new species. However, the wheat group is remarkably equipped with a battery of molecular mechanisms that enable the appearance of phenotypic novelty and successful speciation through allopolyploidy. Future work should help to clarify (i) the role of specific genes and DNA sequences in allopolyploid speciation; (ii) the mechanisms that confer robustness to the genome under the shock of allopolyploidy; (iii) the activation of transposable elements; (iv) the mechanisms that enable the orchestration of chromosome division; and (v) the control of bivalent pairing during meiosis.
The rapid processes of cytological and genetic diploidization allow for the development of two contrasting and highly important genetic phenomena in allopolyploid wheat that presumably contribute to their evolutionary success: (i) the buildup and maintenance of enduring intergenomic favorable genetic combinations and (ii) genome asymmetry in the control of a variety of morphological, physiological, and molecular traits, namely, the total or predominant control of certain traits by a single constituent genome. While the first phenomenon was taken for granted by plant geneticists, genomic asymmetry in interspecific hybrids and allopolyploids was mainly recognized in ribosomal RNA genes (reviewed in Pikaard 2000) . Only recently has this been documented in allopolyploid wheat, where genome A was found to control morphological traits while genome B in allotetraploid wheat and genomes B and D in allohexaploid wheat were shown to control reactions to biotic and abiotic factors and references therein). Intergenomic pairing might have led to disruption of the linkage of the homeoalleles, which contribute to positive intergenomic interactions and might have also led to the segregation of genes that participate in the control of certain traits by a single genome. Intergenomic recombination could therefore produce many intermediate phenotypes that may negatively affect the functionality, adaptability, and stability of the allopolyploids.
The revolutionary and evolutionary genomic changes reported for wheat allopolyploids emphasize the dynamic plasticity of their genomes with regard to structure and function alike. These changes might have improved and currently improve the adaptability of the newly formed allopolyploids and facilitated their rapid colonization of new ecological niches. No wonder, therefore, that domesticated allohexaploid wheat exhibits a wider range of genetic flexibility than diploid species and has been able to adapt itself to an impressive variety of environments over a very short evolutionary time scale. Ohno's (1970) proposal that evolution moves forward through polyploidy (whole-genome duplication) is presently generally accepted. The current use of accurate and sensitive molecular methods, e.g., sequence analysis, shows that polyploidy (recent and ancient) is a widespread phenomenon occurring in up to 80% of angiosperms (Soltis and Soltis 1993; Masterson 1994; Otto and Whitton 2000) , in 95% of pteridophytes (Grant 1971) , and in the lineage of all vertebrates ( Van de Peer et al. 2009 and references therein). Species that were considered typical diploids (e.g., maize, rice, Arabidopsis, yeast, and humans) are in fact ancient polyploids, i.e., paleopolyploids, that underwent one or more rounds of chromosome doubling during their evolution (Van de Peer et al. 2009 and references therein). The progenitors of paleopolyploids cannot be identified due to both cytological and genetic diploidization. The fact that all polyploids, including paleopolyploids, recent allopolyploids, and diloidized autopolyploids, underwent cytological and genetic diploidization supports the concept that polyploidy without diploidization is an evolutionary dead end. The works reported here, showing rapid diploidization, suggest that polyploids that did not diploidize could not survive rather than an alternative model of gradual decay of redundant loci. Hence, the processes described above and similar processes described in other plant polyploids (e.g., Chen and Ni 2006; Chaudhary et al. 2009; Tate et al. 2009; Buggs et al. 2011 ; and references therein) suggest that diploidization was essential for the successful establishment of polyploid plant and animal species.
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